Abstract. Monolithic and multilayered iron electrodeposits were successfully synthesized by the pulse plating electrodeposition method. Electron microscopy and Vickers microhardness measurements were used to investigate the microstructure and mechanical properties of the iron electrodeposits produced. Two types of monolithic iron coatings were produced, one with a coarse grained, columnar structure and the other with an ultra-fine grained structure. Hall-Petch type grain size strengthening was observed in these monolithic coatings. Multilayered iron coatings composed of alternating layers of coarse grained and fine grained structures were also produced. The hardness value of the multilayered coatings falls between the hardness values for the two types of monolithic coatings produced. This study has demonstrated the possibility of applying a multilayered structure design to tailor the microstructure and mechanical properties of electrodeposited iron coatings.
Introduction
In the past, iron electrodeposits have been described in a relative sense and separated into two categories: soft and hard iron. Electrodeposited iron with coarse grained structures is referred to as soft iron and exhibits hardness values between 120-180 kg/mm 2 [1] . On the other hand, electrodeposited iron with fine grained structure is referred to as hard iron and has hardness values between 400-1100kg/mm 2 [1] . Soft iron electrodeposits are typically ductile and can show up to 50 percent elongation to fracture; in comparison, hard iron electrodeposits are typically brittle and show very little or no ductility [1] . Consequently, electrodeposited iron possesses either low hardness and high ductility or high hardness and low ductility. However, between these extreme cases the properties of electrodeposited iron are difficult to tailor through conventional electrodeposition methods.
Materials with a bimodal grain size distribution have been investigated as a means of improving the toughness of nanostructured materials by tailoring the microstructure [2] . Nanoscale/ultrafine grains provide strengthening, while micron-sized grains accommodate strain leading to high ductility [2] . Multilayered electrodeposits are extreme examples of bimodal structures. Blum [3] has shown the possibility of producing multilayered electrodeposits composed of alternating layers of copper with different grain structures. Multilayered materials have different and often enhanced properties from the constituent layers as a consequence of the structure modulation in the multilayer, the high density of interfaces, and possible interactions between the layers (e.g. magnetic coupling) [4] .
This study investigates a multilayer strategy for designing tough iron electrodeposits. By combining alternating layers of hard and soft iron, it is expected that a rule-of-mixtures principle will exist in which hard iron layers will provide hardness and soft iron layers will provide ductility. A schematic diagram illustrating such a multilayered structure is presented in Fig. 1 . Hall-Petch relationships are illustrated in Fig. 1 in which the hardness of monolithic iron electrodeposits is controlled by the grain size (i.e. d 1 , d 2 ) [5, 6, 7] . In comparison, the hardness of multilayered iron electrodeposits is dependent on the layer thickness (i.e. t) [8] . This paper is a first report on the synthesis of such multilayered iron electrodeposits. Some preliminary microstructural and mechanical characterization will also be presented.
Experimental Procedures
Iron electrodeposits were produced by Integran Technologies Inc. Iron coatings were produced using pulse waveforms [9, 10] from an iron-sulphate electrolyte, deposited onto mild steel and titanium substrates. Monolithic and multilayered iron coatings were synthesized by varying the electrodeposition conditions (i.e. current density, duty cycle, frequency, etc.). It is well known that the microstructure of iron electrodeposits can vary with different current densities [1] . Accordingly, computer-controlled variations of the current densities and plating times were used to deposit alternating layers with different structures. The deposition parameters were selected in an attempt to produce multilayered coatings composed of equal layer thicknesses for the two different structures. Both the monolithic and multilayered coatings had total thicknesses ~100 µm. The plating conditions for the multilayered coatings were adjusted to produce a nominal layer thickness of 10 µm.
A scanning electron microscope (SEM) was used to examine the overall morphology of the iron coatings produced. Backscattered SEM images were obtained with a Hitachi SU6600 analytical field-emission scanning electron microscope (FE-SEM) operating at 5 kV. SEM samples were prepared by first cross-sectioning the iron coatings electrodeposited onto mild steel substrates with a diamond cutter. The cross-sectional SEM samples were then ground flat and polished to produce a mirror-like finish, and subsequently ion milled using a Hitachi IM-3000 flat ion milling system at 6 kV and 80º tilt angle for 40 minutes.
A transmission electron microscope (TEM) was used to examine the microstructures of monolithic iron coatings. Bright field (BF) and dark field (DF) TEM images were obtained using a JEOL 2010F field-emission transmission electron microscope (FE-TEM) operating at 200 kV. Planview TEM samples were prepared by mechanically stripping the iron coatings from the titanium substrate. Afterwards, the TEM samples were mechanically thinned to ~50 µm and mounted onto a 3 mm stainless steel TEM grid. The central area of the sample was then thinned to ~20 µm with a Gatan 656N Dimple Grinder. The dimpled sample was subsequently perforated via dual-beam thinning with a Gatan 691 Precision Ion Polishing System (PIPS) operating with argon ions at an accelerating voltage of 3.5-4 kV, and a glancing angle of 5-8°. The grain sizes of the iron coatings were measured directly from dark field TEM micrographs by measuring at least 75 grain diameters for each material.
Vickers microhardness measurements of the iron electrodeposits produced were performed using a Buehler microhardness tester with an applied load of 1000 g and a dwell time of 15 s. Five planar hardness measurements were taken for each sample and the average value was determined.
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Results
Two types of monolithic iron coatings possessing different microstructures were produced. Backscattered SEM micrographs, obtained using electron channelling contrast, are presented in Fig.  2 . The dashed lines indicate the substrate/coating interface. Fig. 2(a) shows a coarse grained iron coating with initially fine grains near the substrate. With increasing coating thickness the microstructure develops into coarse, columnar grains. In comparison, Fig. 2(b) shows an iron coating with an ultra-fine grained microstructure throughout the entire cross-section. Monolithic iron coatings with coarse and ultra-fine grained structures have average planar hardnesses of 177 ± 7.14 VHN 1000g and 502 ± 12.8 VHN 1000g , respectively.
Average Hardness = 177±7.14 VHN 1000g Average Hardness = 502±12.8 VHN 1000g
Fig. 2: Cross-sectional SEM micrographs of monolithic iron coatings electrodeposited onto mild steel substrates (below line) showing (a) coarse grained, columnar structure and (b) ultra-fine grained structure.
The grain sizes of the monolithic iron coatings produced were further assessed with planar TEM micrographs. Fig. 3 shows the BF and DF TEM images that correspond to the soft iron coating presented in Fig. 2(a) . The TEM images show the coarse grained structure of this iron coating, and a grain size ~1.87 ± 0.63 µm was determined from such micrographs. When comparing the grain size determined by TEM with the SEM micrograph in Fig 2(a) , it is apparent that the TEM sample was thinned to electron transparency at a plane very close to the substrate. Fig. 4 shows the BF and DF TEM images that correspond to the hard iron coating presented in Fig. 2(b) . An ultrafine grained structure is observed, with an average grain size ~132 ± 129 nm.
A micrograph showing the cross-section of a multilayered coating consisting of a coarse grained and fine grained structure is presented in Fig. 5 . The average layer thickness of the multilayered coating, estimated from SEM micrographs, is ~6.3 µm. The average hardness of the multilayered coating is 234 ± 11.3 VHN 1000g . This value is intermediate between the hardnesses for monolithic soft and hard iron, and is much closer to the soft iron value.
Discussion
Monolithic soft and hard iron coatings each showed a distinct microstructure (i.e. coarse and ultra-fine grained). The different microstructures can be attributed to the different pulse plating deposition parameters applied, resulting in different crystal nucleation and growth rates during the deposition process. A Hall-Petch type strengthening is observed in the monolithic iron coatings, in which the smaller grains exhibit a significantly higher hardness than the larger grains. The
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Iron coating (a) (b) 476 THERMEC 2011 Supplement monolithic iron coatings produced in this study exhibit similar microstructures compared to those produced in the past [1, 7] . These results further confirm the distinct microstructures prevalent in iron electrodeposits.
Fig. 3: TEM analysis of a free-standing monolithic iron coating showing a coarse grained structure (a) BF image and (b) DF image.

Fig. 4: TEM analysis of a free-standing monolithic iron coating showing an ultra-fine grained structure (a) BF image and (b) DF image.
However, multilayered iron coatings consisting of coarse and fine grained layers, have a microstructure that is quite different from the iron coatings produced in the past. A layered structure is clearly visible throughout the entire cross-section (Fig. 5) ; however, a non-uniform layer thickness is observed. Furthermore, the grain structure is generally confined within each layer although columnar grain growth continuing for some distance from one layer to the next is observed. This resulted in relatively rough interfaces between coarse grained and fine grained layers.
The microstructure of multilayered iron coatings consist of both coarse and fine grains, hence the average hardness lies in between the average hardness of monolithic soft and hard iron. The average penetration depth of the hardness measurements was estimated from the equation given by Matsuda and Kaneta [11] . For the multilayered coating, the penetration depth is ~13 µm and the top layers consist primarily of coarse grains (Fig. 5) . Consequently the hardness value was likely strongly influenced by the coarse columnar grains of the soft iron layer at the top of the coating.
Achieving a multilayered iron coating that exhibits a hardness value in between soft and hard iron indicates the possibility of tailoring the mechanical properties of iron electrodeposits. It will be of interest to investigate the dependence of hardness on the layer thickness of multilayered iron 
Conclusions
Monolithic and multilayered iron coatings were electrodeposited. Two types of monolithic irons were produced, one with a coarse grained, columnar structure (~1.87 ± 0.63 µm) and the other with an ultra-fine grained structure (~132 ± 129 nm). The average hardnesses of the monolithic soft and hard iron coatings are 177 ± 7.14 VHN 1000g and 502 ± 12.8 VHN 1000g , respectively. Multilayered iron coatings composed of ~6.3 µm thick alternating layers of coarse/fine grained structure were also produced. The average hardness of the multilayered iron coatings is 234 ± 11.3 VHN 1000g .
This study has demonstrated that it is possible to electrodeposit multilayered iron coatings consisting of structural modulations. Thus the multilayered structure design has been shown to be a feasible method for tailoring the microstructure and mechanical properties of iron electrodeposits.
